We demonstrate large cavity-enhanced optical Stark shifts for a single quantum dot ͑QD͒ coupled to a photonic crystal cavity. A maximum Stark shift of 20 GHz is observed for a QD detuned by 104 GHz from the cavity mode. These Stark shifts are attained with extremely low cavity field energies of only ten photons. The changes in the QD emission wavelength are monitored via nonresonant transfer between the QD and cavity mode. Experimental results are compared to theoretical predictions based on the solution to the full master equation and found to be in excellent agreement. © 2011 American Institute of Physics. ͓doi:10.1063/1.3571446͔ Photonic crystals are envisioned as an ideal platform for enhancing nonlinear optical effects to implement scalable all-optical signal processing. Nonlinearities in photonic crystals have already been used to demonstrate optical bistability, 1,2 low-power all-optical switching, 3,4 four wave mixing, 5 and second harmonic generation. 6 In addition, photonic crystal defect cavities provide extremely tight optical confinement in combination with high quality factors enabling large nonlinearities near the single photon level. [7] [8] [9] [10] In this work we investigate the optical Stark shift in a quantum dot ͑QD͒ strongly coupled to a photonic crystal cavity mode. When resonantly pumping the cavity we observe an extremely large optical Stark shift ͑20 GHz͒ for a resonantly detuned QD using low optical driving powers ͑60 W͒. Stark shifts for the QD are observed directly by monitoring the emission of the QD through nonresonant energy transfer of the cavity field. 11, 12 The large optical Stark shifts demonstrated here provide a useful method for achieving low light-level nonlinear optics. They also provide an interesting approach for performing nonlinear spectroscopy on single QDs strongly coupled to optical microcavities.
Photonic crystals are envisioned as an ideal platform for enhancing nonlinear optical effects to implement scalable all-optical signal processing. Nonlinearities in photonic crystals have already been used to demonstrate optical bistability, 1,2 low-power all-optical switching, 3, 4 four wave mixing, 5 and second harmonic generation. 6 In addition, photonic crystal defect cavities provide extremely tight optical confinement in combination with high quality factors enabling large nonlinearities near the single photon level. [7] [8] [9] [10] In this work we investigate the optical Stark shift in a quantum dot ͑QD͒ strongly coupled to a photonic crystal cavity mode. When resonantly pumping the cavity we observe an extremely large optical Stark shift ͑20 GHz͒ for a resonantly detuned QD using low optical driving powers ͑60 W͒. Stark shifts for the QD are observed directly by monitoring the emission of the QD through nonresonant energy transfer of the cavity field. 11, 12 The large optical Stark shifts demonstrated here provide a useful method for achieving low light-level nonlinear optics. They also provide an interesting approach for performing nonlinear spectroscopy on single QDs strongly coupled to optical microcavities.
Measurements were performed in this work on indium arsenide ͑InAs͒ QDs ͑with QD density 30 m −2 ͒ coupled to gallium arsenide ͑GaAs͒ photonic crystal structures. Details of the sample preparation are included in the supplemental section. The cavity design used in this experiment was a three-hole linear defect ͑L3͒ cavity with three-hole tuning. 13 Figure 1͑a͒ shows a scanning electron microscope image of a fabricated device. The parameter a was set to 240 nm and the hole diameter was set to 140 nm. The three holes at the edge of the cavity, labeled A, B, and C in the figure, were shifted by 0.176a, 0.024a, and 0.176a, respectively.
The samples were first pumped with an 865 nm laser to excite the wetting layer and measure the fluorescence. The fluorescence spectrum from the sample taken at 14 K is shown in Fig. 1͑b͒ . The fluorescence exhibits a bright emission from the cavity mode along with emission from a nearby QD, as labeled in the figure. By fitting the cavity mode to a Lorentzian function we infer a quality factor ͑Q͒ of 7180. Figure 1͑c͒ shows the spectrum as a function of sample temperature. As the sample is heated the resonance of the QD is redshifted and exhibits a clear anti-crossing behavior as it is tuned across the cavity mode, indicating that the cavity and QD are in the strong coupling regime. From the minimum separation point between the two lines, which occurs at 28 K, we calculate the cavity-QD coupling strength to be g / ͑2͒ = 12 GHz. Figure 1͑d͒ shows the emission spectrum when the cavity is driven by a 300-kHz wavelength tunable laser diode tuned to resonance with the cavity mode instead of the 865 nm pump. Resonant excitation of the cavity results in clearly visible emission of the detuned strongly coupled QD. Such nonresonant QD emission has been observed in previous works, 11, 12, 14, 15 and has been theoretically attributed to various energy transfer processes. [16] [17] [18] [19] [20] In Fig. 2͑a͒ we plot the cavity spectrum as a function of pump wavelength as the laser diode is tuned across the cavity mode. The measurements are taken at a temperature of 14 K, where the QD is blueshifted by 104 GHz from the a͒ Electronic mail: rbose@umd.edu.
FIG. 1. ͑Color online͒ ͑a͒
Scanning electron micrograph of fabricated L3 photonic crystal cavity. The three nearest holes at the edge of the cavity ͑labeled A, B, C͒ are shifted in the direction of the corresponding arrows. Scale bar: 1 m. ͑b͒ Cavity-QD spectrum at low-power above-band ͑865 nm͒ laser excitation. ͑c͒ Photoluminescence ͑PL͒ as a function of temperature showing strong coupling. ͑d͒ PL spectrum when the tunable excitation laser is resonant with the cavity. The strongly coupled QD line is labeled.
cavity frequency, and the pump power is set to 50 W. As the laser becomes resonant with the cavity mode, a clear emission-energy shift is observed due to optical Stark effect. The shift is only observed in a narrow spectral region near the cavity resonance, suggesting that the cavity plays a strong role in enhancing the field intensity to achieve a larger effect. When the laser is resonant with the peak of the cavity response, a maximum shift of 0.05 nm ͑18 GHz͒ is observed.
In addition to the wavelength shift, a clear broadening of the QD linewidth is observed with increasing excitation power. Such broadening has been previously demonstrated for a QD coupled to a photonic crystal cavity 14 as well as bulk QDs, 21 and has been attributed to increased stimulated emission of the QD in the presence of the incident field. Figure 2͑b͒ plots the linewidth of the QD as a function of incident pump power, determined by fitting the measured QD spectrum to a Lorentzian function. We account for the finite spectrometer resolution by subtracting it out in quadrature using the relation QD = ͱ 2 − 0 2 , where is the measured linewidth, QD is the actual QD linewidth, and 0 = 8.3 GHz is the spectrometer resolution. The linewidth is found to increase from 0.7 to 20 GHz.
The experimental results for the QD Stark shift and linewidth broadening can be compared to theoretical predictions based on a two-level quantum system coupled to a single mode optical resonator. 22 Numerical calculations were performed by solving the full master equation using an open source quantum optics toolbox 23 ͑see Ref. 24͒. Accurate comparisons of the numerical calculations and experimental results require an estimation of the experimental coupling efficiency of the excitation laser to the cavity mode. The power dependence of the QD linewidth provides us with a method to extract this coupling efficiency. We treat the coupling efficiency as fitting parameter given by = P couple / P inc , where P inc is the experimentally measured incident power and P couple is the amount of power that couples to the cavity mode. We first calculate the power spectrum of the cavity mode, defined as the Fourier transform of the twotime covariance function ͗b † ͑t + ͒b͑t͒͘, as a function of P couple . From the power spectrum we determine the center wavelength and linewidth of the QD using a Lorentzian fit.
The parameter is then optimized to achieve best agreement between simulation and theory.
For the simulations, we set the cavity decay rate to / ͑2͒ = 46 GHz ͑Q = 7180͒ and the QD radiative lifetime and coherence time are set to 1 / ␥ =1 ns ͑Ref. 25͒ and T 2 = 500 ps, 26 respectively. The cavity-QD detuning is set to 104 GHz and the cavity-QD coupling strength is set to g / ͑2͒ = 12 GHz, as measured experimentally. The optimal cavity coupling efficiency is determined by numerical optimization to be = 0.16%. Using this value, the simulated QD linewidth is plotted as a solid line in Fig. 2͑b͒ , and shows excellent agreement with the experimental data.
Having determined the coupling efficiency we can numerically investigate the Stark shift in the QD. In Fig. 2͑c͒ we plot the calculated cavity power spectrum as a function of excitation wavelength for the QD-cavity system assuming a 50 W excitation power, where all simulation parameters are set to the same values used to calculate the linewidths in Fig. 2͑b͒. Figure 2͑d͒ plots both the experimentally measured QD center wavelengths ͑circles͒ obtained from the spectra in Fig. 2͑a͒ , along with the calculated center wavelength ͑solid line͒ obtained from Fig. 2͑c͒ . The calculated predictions are found to be in close agreement with the experimentally measured Stark shifts.
In order to ensure that what we are observing is due to optical Stark shift and not another anomalous effect, we change the sample temperature from 14 to 40 K. At this temperature the QD is redshifted from the cavity mode by 0.65 nm ͑230 GHz͒. Figure 3͑a͒ plots the emission spectrum as a function of laser detuning at this temperature. When the laser is resonant with the cavity mode we once again observe a shift in the QD resonance but this time the QD is redshifted rather than blueshifted due to the change in sign of the detuning, as one would expect from an optical Stark shift. Other effects, such as heating or production of free carriers would cause the QD to always shift in the same direction, while the Stark effect would cause them to shift away from the excitation laser as observed in the data. The calculated emission spectrum from the solution to the master equation is shown in Fig. 3͑b͒ , showing excellent agreement with our observations in Fig. 3͑a͒ . All simulation parameters were identical to those used in the calculations for Fig. 2 except for the cavity-QD detuning, which was set to the new value of 230 GHz.
We next investigate the pump power dependence of the QD Stark shift at both 14 and 40 K sample temperature. The excitation laser is set to be resonant with the cavity mode, at the point of maximum Stark shift for the QD. The emission spectrum is then obtained as a function of incident laser power. For each spectrum, emission from the QD is fitted to a Lorentzian function to determine the center frequency. Figure 3͑c͒ plots the magnitude of the measured Stark shifts for the QD at 14 K ͑circles͒ and 40 K ͑squares͒, corresponding to cavity-QD detunings of Ϫ0.3 nm and 0.65 nm, respectively. The theoretically predicted shifts are also plotted using the same coupling efficiency of = 0.16% calculated from the linewidth data. In both cases, the shifts are found to increase linearly with incident field intensity. For a given pump power, a smaller Stark shift is observed at 0.65 nm detuning as compared to the Ϫ0.3 nm because the Stark shift is inversely proportional to detuning. This reduction in shift is also predicted by the theoretical model which is in good agreement with experimental data.
We fit the Stark shift to a linear function expressed as ␦ = ␦ p P, where P is the incident power and ␦ p = 0.9 pm/ W = 320 MHz/ W is the Stark shift per unit power at 14 K. At 40 K, ␦ p = 0.47 pm/ W = 166 MHz/ W. The excitation power can be expressed in terms of photon number in the cavity through the relation n = P inc / ប. Using this relation the Stark shift can be written as ␦ = ␦ n n where ␦ n = 2.11 GHz/ photon, indicating that the maximum Stark shift of 20 GHz observed is due to an average of approximately ten photons in the cavity. Thus, this cavity-QD system provides nonlinearities near the single photon level.
In conclusion, we have shown that photonic crystal cavities can significantly enhance the optical Stark effect. Stark shifts as large as 20 GHz were observed with excitation powers of only 60 W corresponding to a cavity energy of ten photons. The excitation powers could be significantly reduced by improving our poor coupling efficiency ͑0.16%͒ using more directional cavity designs that enable efficient coupling from out-of-plane, 27 better mode matching through planar structures, 28 or fiber taper excitation. 29 The engineering of cavities with two modes may add additional flexibility where one cavity mode is used to achieve large optical stark shifts in order to tune a QD onto resonance with a second cavity mode, enabling possibilities for low light level integrated optical devices. D. Sridharan and R. Bose contributed equally to this work. The authors would like to acknowledge support from a DARPA Defense Science Office Grant ͑Grant No. W31P4Q0910013͒, the ARO MURI on Hybrid quantum interactions ͑Grant No. W911NF09104͒, the physics frontier center at the joint quantum institute, and the ONR applied electromagnetic center N00014-09-1-1190. E. Waks would like to acknowledge support from an NSF CAREER award ͑Grant No. ECCS-0846494͒.
